Abstract. Many cancer-related genes are regulated by an epigenetic mechanism through modification of the methylation status of CpG sites at the promoter. This study was carried out at a genome-wide scale to mine genes in which the methylation of CpG sites is altered in breast cancer tissues. Differential methylation hybridization analysis was conducted using a chromosomal DNA mixture of ten normal and cancer tissue sets. A CpG microarray harboring 237,220 CpG sites of the whole genome was interrogated and the resulting methylation level differences, as well as the RNA expression differences, between the normal and cancer sets for selected genes were verified in breast cell lines by methylation-specific PCR and real-time PCR analyses. As a result, we identified and verified novel genes that were hypermethylated in breast cancer, such as NRN1, CA5B and RPIA. Pathway analysis of the genes with altered methylation patterns identified the involvement of a differentiation-related network of genes whose activity may be heavily regulated by STAT1 in breast tumorigenesis. Our results suggest that epigenetic dysregulation of cellular processes relevant to STAT1-dependent cellular differentiation may be intimately involved in breast carcinogenesis. These findings lend credence to the possibility of using tumor-specific alterations in methylation patterns as biomarkers in estimating prognosis and assessing treatment options for breast cancer.
Introduction
Epigenetic regulation of gene expression via CpG methylation plays a key role in cell growth, differentiation, apoptosis and tumorigenesis (1, 2) . CpG sites at promoters have been intensively studied because their hypermethylation is associated with inactivation of tumor suppressor and thereby prompts carcinogenesis (3) . Upon methylation of the CpG site, transcriptional activators cannot access their target sites and/or the DNA structure can be modified by altering the chromatin structure (4). So far, many genes have been identified as undergoing methy lation changes during tumorigenesis in many types of cancer. Wellknown tumor suppressors in this category in breast cancer are RASSF1A, BRCA1, PCDH8, and 15-Hydroxyprostaglandin (5) (6) (7) (8) . Proto-oncogenes, on the other hand, undergo hypomethylation to contribute to carcinogenesis. FEN1 and IGF2 (9, 10) are representative oncogene markers in breast cancer.
The methylation markers have been mined at the level of individual genes, as well as genome-wide. Mining at the gene level was carried out by monitoring the methylation of CpG sites using bisulfate sequencing or methylation-specific PCR for individual tumor suppressors or oncogenes (11) . Genome-wide scanning of CpG sites in breast cancer has been performed in just a few cases. Yan et al developed and performed an array-based method, called differential methylation hybridization (DMH), in breast cancer cell lines and in cancer tissues (12, 13) . They used an array panel containing 1104 CpG island tags. This technique was improved as the number of CpG tags were increased to 28,000, and HOXB13 and HNF1B were identified as novel breast cancer markers (14) . More recently, a genotyping-based technique called the Illumina methylation array was developed that covers 27,578 or 450,000 CpG sites. Using this method, a methylation profile was obtained according to estrogen and progesterone receptor status in breast cancer (15) .
The major advantage of genome-wide screening over individual screening is that the former can provide systemic information of the CpG sites scattered over the whole genome. To understand the biologically relevant pathways responsible for carcinogenesis, systemic approaches are essential. Even though genome-wide screening has been carried out in breast cancer in a few cases, the pathway analysis is rarely available. Only Inflammatory Response and Connective Tissue Disorders pathway is reported in the case of estrogen receptor-positive breast cancer (15) .
Differential methylation hybridization profiling identifies involvement of STAT1-mediated pathways in breast cancer
In this study, we performed a differential methylation hybridization assay covering 237,220 CpG sites to identify genes that are differentially methylated in breast cancer using breast tumor and normal tissues. Methylation-specific PCR and real-time quantitative RT-PCR analyses were performed to verify the methylation data. Identified genes with differential methylation patterns in tumor versus normal tissue were further analyzed using bioinformatic tools to detect cancer-related pathways that may play a role in breast tumorigenesis.
Materials and methods
Genomic DNA extraction from breast tissues. Post-surgical samples of breast carcinoma and nearby normal tissues were obtained from National Cancer Center in Goyang, Korea. The patients' informed consent for participation in the study was obtained. As chemo-and radiotherapy have previously been implicated in the alteration of methylation patterns, no subjects who had received either type of treatment were included in the study. A few milligrams of tumor and adjacent normal tissue were taken and chromosomal DNA was isolated as described previously (11) .
Immunoprecipitation and amplification of methylated DNA. Two micrograms of each cancer tissue DNA from 10 cancer patients were mixed together and the DNA was fragmented into 300-500 bp using a sonicator (Bioruptor, model; UCD200TM-EX) at low power for 10 min with repeating cycles of 15 sec on and 15 sec off. The normal tissue DNA was also processed in parallel with the cancer tissue DNA. DNA containing methylated CpG was immunoprecipitated using the MeDIP kit (Diagenode) according to the supplier's protocol, with final elution of 25 µl. Ten microliters of the eluted DNA was used for whole genome amplification (WGA) using the WGA kit (Sigma) according to the supplier's protocol. The amplified PCR product was purified using the PCR Purification kit (Bioneer, Korea).
Cell culture. Normal human breast cell lines, MCF-10A and MCF-12A, and cancer cell lines, MCF-7, MDA-MB-231, MDA-MB-468, SK-BR-3, T47D, and ZR-75-1, were purchased from the American Type Culture Collection (ATCC; Manassas, VA) and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). To induce demethylation of the cytosine residues, a methyltransferase inhibitor, 5-Aza-2'-deoxycytidine, was added to the culture medium at 5 µM for 72 h. Culture medium with or without treatment was changed every 24 h.
Differential methylation hybridization.
For the whole-genomeamplified DNA, the human CpG Island Microarray (244K, Agilent) analysis was performed by Ebiogen (Korea). The microarray covers 27,800 CpG islands and contains 237,220 probes. Differential expression values, calculated as +Cy3/Cy5 where Cy3 signal >Cy 5 signal or -Cy5/Cy3 where Cy3 signal <Cy5 signal, were compared between the duplicate experiments. Clones differentially regulated in both experiments that had a significant ratio of Cy3 to Cy5 (defined as a value greater than 2) were selected and further analyzed.
Pathway analysis. To identify pathways displaying tumorspecific altered methylation patterns with potential roles in breast carcinogenesis, functional categorization and pathway construction were performed using the Ingenuity Pathway Analysis (IPA) software tool produced by Ingenuity Systems. IPA utilizes an extensive database of functional interactions that are drawn from peer-reviewed publications and are manually maintained (16) . P-values for individual networks were obtained by comparing the likelihood of obtaining the same number of transcripts or greater in a random gene set as were actually present in the input file (i.e., the set of genes differentially methy lated in normal and tumor tissue) using Fischer's exact test, based on the hypergeometric distribution. The highest confidence functional network was designated as the top network.
Methylation-specific PCR (MSP).
Chromosomal DNA was isolated from the cell cultures in a 75-cm 2 culture flask using a genomic DNA purification kit (Promega, Madison, WI) according to the manufacturer's protocol. The extracted DNA was eluted with 250 µl of distilled water. Sodium bisulfite modification of genomic DNA was carried out using an EpiTect Bisulfite kit (Qiagen, Valencia, CA) according to the manufacturer's protocol using 0.1 mg of purified DNA. PCR was carried out using primers (Table I ) and a Kapa SYBR Fast qPCR kit (Kapa Biosystems, Woburn, MA). A methylation index was calculated for each sample using the following formula:
] x100%, as previously described (17), where CTu is the average cycle threshold (CT) obtained from duplicate quantitative PCR analyses using the unmethyla ted primer pair and CTme is the average CT obtained using the methylated primer pair.
Real-time RT-PCR.
Total RNA from cell culture was prepared using Trizol reagent according to the manufacturer's protocols (Gibco-BRL, Carlsbad, CA). Reverse transcription was conducted using 10 µg of total RNA with a reverse transcription kit (Promega). Expression levels of selected genes were measured by real-time quantitative RT-PCR analysis in order to confirm consistency with the microarray data. One microliter of cDNA was used for the PCR, and duplicate reactions were performed for each sample using a Kapa SYBR Fast qPCR kit (Kapa Biosystems) with gene-specific primers on an ABI 7300 instrument (Applied Biosystems). The primers for these selected genes are listed in Table I . RNA quantity was normalized to GAPDH content, and gene expression was quantified according to the 2 -ΔCt method.
Statistical analysis.
Genes from the microarray data that satisfied the following criteria were selected and submitted to IPA analysis: hypermethylated or hypomethylated in cancer tissue by more than two-fold; signal intensity higher than 1,000; CpG positioned within -2,000 to +500. Student's t-test was used to detect differences in the mean values of the variables. P<0.05 were considered statistically significant. All calculations were performed using SPSS for Windows, release 17.0 (SPSS Inc., Chicago, IL).
Results
Genome-wide differential methylation hybridization analysis of breast cancer. To identify genes that are regulated by gene methylation and to further elucidate the regulatory pathways involved in breast carcinogenesis, differential methylation hybridi zation analysis for the whole genome CpG islands was carried out (Fig. 1) . Of the 237,220 CpG sites, we found >2-fold signal in 13,407 hypermethylated sites, and <2-fold in 5,815 hypomethylated sites. We further screened the subgrouped genes according to their signal intensity in the hybridization.
Genes showing intensity of >1,000 were selected from the normal tissue in the case of hypermethylation and from the cancer tissue in the case of hypomethylation. These selections included genes representing methylation change as well as high signal intensity. Finally, a pool of genes harboring CpGs within -2,000 to +500 was selected and contained 414 genes. The genome-wide methylation analysis found hypermethylation in 972 CpG sites and hypomethylation in 209 CpG sites, Figure 1 . Experimental scheme of differential methylation hybridization of breast tissues. Chromosomal DNA was fragmented by sonication and subjected to immunoprecipitation using anti-CpG antibody. The DNA was then used for whole genome amplification and the amplified PCR amplicons were applied to CpG microarray. Hypermethylated and hypomethylated genes were pooled and pathway analysis was performed. GTTTGTTTTGGAAATTTTTTAAAGC  CCGAAAATTTAATTTACACACGTA  NRN1-U  TTGTTTTGGAAATTTTTTAAAGTGT  CCAAAAATTTAATTTACACACATA  CA5B-M  GATTTTTCGTTTTGGCGTATC  AAAACCTTAAAAAATAACAACCGTT  CA5B-U  GATTTTTTGTTTTGGTGTATTGG  AAAACCTTAAAAAATAACAACCATT  RPIA-M  TTTCGGGTTTTTTAGTATTTTTTAC  CACGAATCCCAAACTATACACG  RPIA-U  TTTTGGGTTTTTTAGTATTTTTTATGG  CACAAATCCCAAACTATACACACC   RT-PCR  NRN1  AGAGTCCACGCGTATCTGGT  CCAGTATGTGCACACGGTCT  CA5B  AAATCAGTGATCAAGGGAGGA  ATTTGCTGTCCACGGTGTG  RPIA  GCGAATAGCTGAAAGGGTGA  TCCAGATCACTGAGGGTCAA  STAT1  GAAAAGCAAGACTGGGAGCA  TTATCCTGAAGATTACGCTTGC  TMF1 ATAACCTGAAAGATGAAATGTTCAGAG TTTTGATTTCCTTTTTAGCAGCA corresponding to 1043 unique genes. These results suggest that the number of genes epigenetically inactivated in breast tumorigenesis greatly outnumbers the number of epigenetically activated genes (Fig. 2) . Moreover, hypermethylation seemed to be a general pattern appearing across entire chromosomes, with no discernible differences in pericentromeric or subtelomeric regions (data not shown).
Genes previously identified as methylated in breast cancer such as PCDH10 (1.04-77.99-fold), MYO3A (0.79-6.52-fold), and HIST1H2BK (1.86-3.08-fold) also showed hypermethylation at the -1000 to +700 region (Table II) . In addition, genes previously identified as hypomethylated in breast cancer such as HSPA4 (0.10-1.85-fold), NDRG3 (0.10-1.09-fold), and BCAS3 (0.16-3.44-fold) also showed hypomethylation in the same region. The results for these representative known genes support our methylation analysis. The consistency of our array data was also monitored by examining the methylation status of three randomly selected genes (NRN1, CA5B and RPIA) in cultured breast cell lines. Real-time methylation-specific PCR (MSP) and RT-PCR revealed hypermethylation and downregulation of all three genes in cancer cell lines, confirming the array data (Figs. 3 and 4) . The involvement of methylation in the expression was examined by inducing demethylation of the hypermethylated CpGs with the methyltransferase inhibitor 5-Aza-2'-deoxycytidine. MSP and RT-PCR indicated that NRN1 gene expression was recovered upon demethylation (Fig. 5) .
In addition to the known genes, novel genes for which the methylation status was not known were identified (Table III  and IV) . These included NXPH1, RAB12 and CDK7 for hyperme thy lation and ASCC3, HSPA4, and NDRG3 for hypomethylation.
Pathway analysis of the differentially methylated genes. All 1181 sites fitting our significance criteria for differential methylation were examined for functional interrelatedness using the Ingenuity Pathway Analysis software tool. The highest functional network (score = 59) resulting from differential gene methylation was designated as 'cellular development, embryonic development, tissue development' (Fig. 6) . 'Cellular movement, cancer, neurological disease (score = 36)' and 'cell death, embryonic development, cardiovascular disease (score = 19)' networks ranked with the next highest scores (Table V) . Interestingly, STAT1, the key latent cytoplasmic transcription factor media ting various biological responses including cell proliferation, survival, apoptosis, and differentiation, features prominently in the network and appears as a master regulator of several gene transcripts that may be relevant to breast tumor development and progression (18) .
Within the network, the majority of genes showed hypomethylation and only four genes showed hypermethylation. The hypermethylated genes were STAT1, TMF-1, LASP1 and NEFL1. To examine whether our tumor tissues displayed consistency between mRNA levels and DNA methylation, STAT1 and TMF-1 were chosen for RT-PCR expression analysis. STAT1 is a previously established methylation marker in a few cancer types (19) . As shown in Fig. 4 , both genes were down-regulated in all cancer cell lines.
The transcripts displaying the most significantly altered methylation levels within this network were MYO5A (4.56-fold decrease) and WNT3A (4.13-fold decrease). MYO5A expression was previously established as being upregulated in breast tumor tissue and may contribute to carcinogenesis and tumor progression by playing roles in the regulation of cytoskeleton, cell morphology, and filopodia motility (20) . WNT3A plays a key role in Wnt/β-catenin signaling and has been known to promote self-renewal of cancer stem/progenitor cells (21) .
Notable cancer-related genes within the STAT1-dependent cell differentiation pathways that were hypermethylated in breast tumor included LASP1 (2.32-fold increase) and NEFL (3.42-fold increase). Significantly hypomethylated cancerrelated genes included SMAD7 (2.85-fold decrease), which is a key negative regulator of TGF-β signaling (22) , and BMP4 (2.18-fold decrease) (23), which was previously found to enhance tumor growth in breast cancer. 
Discussion
From the analysis of the breast tumor methylation pattern, we found that hypermethylation was more prevalent than hypomethylation across the entire genome. This genome-wide hypermethylation pattern has also been observed in other cancer types including ovarian (24) , prostate (25) , and leukemia (26) and is therefore considered to be a general phenomenon during the course of cancer development. However, the genome-wide hypermethylation should not be confused with the global hypomethylation indicating hypomethylation of genes such as ALU and LINE that occur highly repetitive in the genome (27) . Global hypomethylation is known to cause chromatin decondensation that results in chromosomal instability and cancer development (28) . In addition, hypomethylation of repetitive elements is associated with elevated transcription, while that of normally methylated promoter CpG islands can lead to elevated expression of tumor antigens and possible oncogenes (29) . So far, a few genome-wide methylation analyses of breast cancer have been performed in different subtypes of cancer such as luminal/non-luminal (30) and ER + /ER - (15) , as well as in non-specified cancer tissues (31) . Most of the studies focused on specific genes such as homeobox genes (14), polycomb-binding sites (32) tumor suppressors, and oncogenes, resulting in identification of novel epigenetic markers rather than elucidating the epigenetic regulatory network involved in the carcinogenesis. GPC3, CDH2, GALNT10, and E2F7 are representative epigenetic marker genes mined by genomewide approaches. However, only a limited number of pathways are known to undergo abnormal methylation. For example, growth factor, Hun/Fos, and EGF-containing pathways were identified as the lowest p-valued pathways in breast cancer cell lines (33) . In another study by Li et al, 'Inflammatory and connective tissue disorders pathways' were identified as the most significant pathways in breast cancer (15) .
Our pathway-based analysis of the biological significance of epigenetic dysregulation in breast carcinogenesis yielded a few interesting findings. Notable is the observation of altered tumor-specific methylation patterns within a network of genes whose activity may be heavily influenced by STAT1. STAT1 is a member of the signal transducer and activator of transcription factors (STAT) family: STAT1, 2, 3, 4, 5A, 5B and 6 (34). Cumulative and largely indirect evidence supports a tumor suppressor function for STAT1 (35, 36) . Dysregulation of STAT1 signaling has been implicated in tumor formation and progression (37) . The biological significance of the tumor suppressive function of STAT1 is suggested by the finding that increased expression of phosphotyrosine STAT1 in human breast cancers was associated with a statistically significant improvement in survival (38) .
Genes that regulate STAT1 directly or indirectly are involved in the identified pathways. Representative genes include SMAD7, SP3, SHH, and CCND1, which interact with STAT1 directly, and TGFA, WNT3A, and VEGFA, which interact indirectly. Expression of VEGFA (39), SP3 (40) , and SMAD7 (41) were known to be upregulated in breast cancer, which was consistent with our pathway analysis in which they were hypomethylated and possibly able to induce upregulation.
A key limitation of our study design is the inability to assess methylation levels with respect to tumor grade, thus precluding an early examination of potential methylation patterns specific to cancer initiation versus those specific to tumor progression. Also, detecting the frequency of methylation in tumor samples was limited due to the use of pooled DNA samples. In addition, even though there can be multiple CpG sites in a single gene spanning from promoter to gene-coding region, only a limited number of CpG were used for the pathway analysis. Nonetheless, the degree of consistency between our findings and prior reports on the sampling of cancer-related genes supports the potential of using tumor-specific alterations in methylation pattern as a prognostic tool in breast cancer development and progression.
In summary, we present pathways that were compiled using a genome-wide methylation profile of breast cancer. We found that abnormal methylation in the STAT1-involved pathways may be important in breast carcinogenesis. Further studies on the mechanisms leading to differential methylation in these regions may provide insights into the association of methylation status with tumor stage and progression that could be useful in estimating prognosis and determining treatment options for breast cancer.
